Introduction
The synthesis of organic (poly)carbonates has attracted considerable attention because of the potential uses of this class of compound in various consumer-based products, such as batteries and aircraft windows. [1] From a sustainability point of view, current processes for the synthesis of cyclic carbonates suffer from several disadvantages. They often involve harsh reaction conditions and unfavorable reagents, such as the highly toxic reagent phosgene.
[2] A much greener alternative synthesis for cyclic carbonates involves the highly atom-economical reaction of CO 2 with epoxides; for this reaction, transition metal catalysis has been extensively explored. [3] Typically, a Lewis acid metal complex is combined with a nucleophilic co-catalyst, which fulfills a number of important requirements such as mutual tolerance, high compatibility, and stability under a wide range of conditions. Despite the extensive studies of (transition) metal catalyzed cyclic carbonate synthesis, the discovery of catalysts able to operate under mild (ambient) conditions remains a major academic challenge. [4] From a sustainability point of view, the choice of catalyst is extremely important; it has to be catalytically active under mild conditions, relatively non-toxic, and, ideally, accessible from renewable sources. A large number of studies have been reported regarding the use of Schiff base ligands, such as salen [1,2- , and Zn II metal ions in the context of organic carbonate synthesis. [5] The use of Schiff base ligands presents a number of advantages among which are their ease of synthesis, the simple electronic and steric modulation, and the versatility in their complexation behaviors, which allow the generation of many metal complexes with a variety of properties. [6] The choice of metal, apart from economical reasons, is also dictated by its potential toxicity, affecting the overall sustainability of the process. [7] Vanadium is an abundant and relatively non-toxic metal. [8] It is also known to act as a Lewis acid catalyst, especially in complexes with high-valent V IV or V V metal centers. Reports of vanadium-mediated oxidation of organic substrates such as olefins, thioethers, amines, and phosphines, using a number of oxidizing agents, have been published.
[9] Lee and co-workers reported that a simple and commercially available vanadium trichloride catalyst was able to catalyze the reaction between a variety of terminal epoxides/cyclohexene oxide and carbon dioxide. [10] Unfortunately, though, this required elevated temperatures (90-120 8C) and pressures (1.5 MPa = 14.8 bar). Therefore, the search for a V catalyzed procedure (Scheme 1) providing good activity under mild reaction conditions continues to attract huge interest. A general system for preparing a wide range of functional cyclic carbonates has not yet been reported.
After considering the issues mentioned above, we focused our attention on vanadium compounds, such as the easily pre- pared vanadyl salphen and salen complexes, for the synthesis of cyclic organic carbonates from epoxides and CO 2 (Scheme 1). The catalytic results were compared with those gathered for the commercially available V IV complex [VO(acac) 2 ] (acac = acetylacetonate). In the reactions carried out with these latter complexes, we observed the precipitation of a new species that is most likely responsible for the observed activity. The structure of this active component in the formation of five-membered carbonates was elucidated by various analytical techniques; formation a decavanadate complex was unambiguously demonstrated. The presence of mostly V V centers in this polyoxometalate (POM) seems to illustrate the importance of this high oxidation state for achieving catalytic reactivity.
Results and Discussion
A series of differently substituted V IV (O)salen and V IV (O)salphen complexes bearing electron-donating and electron-withdrawing groups on the aromatic rings of the ligand scaffold (compounds 2 a-2 f and 3 a-3 f; Scheme 2) were prepared and screened as potential catalysts for the cycloaddition reaction of CO 2 and 1,2-epoxyhexane in the presence of NBu 4 I (Bu = butyl) as co-catalyst, under mild conditions (45 8C, 1 MPa CO 2 pressure) and using mesitylene as an internal standard. The results obtained are shown in Table 1 , as are those obtained with the reference compound [VO(acac) 2 ]. The reaction conditions were chosen on the basis of the best results obtained in previous work using other metal complexes as catalysts. [11] Methyl ethyl ketone (MEK) was used as the solvent, taking into account that it is one of the most efficient solvents for solubilization of CO 2 . [12] The electronic effect of the substituents on the vanadium centers in these VO(salen) and VO(salphens) compounds was investigated with cyclic voltammetry (Supporting Information). The redox potential E p of the V IV /V V couple increased both in the salen and salphen series of vanadyl complexes in agreement with the variation of the electron density on the metal caused by the presence of the different substituents. The more positive redox potentials of the salphen complexes with respect to the salen ones indicates that the aromatic ring confers to vanadium a higher Lewis acidity. Table 1 (entries 9, 10, 11, and 16, respectively), but the yields of cyclic carbonates proved to be generally low throughout the entire range of catalysts, despite the variation in the nature of the vanadium center. [13] However, when 1,2-epoxy-3-hydroxypropane (glycidol) was used as the substrate, the reactivity of catalyst 3 c increased significantly, giving rise to 55 % yield for the corresponding cyclic Scheme 2. Vanadium-based catalysts used for the investigation of the CO 2 addition reaction with 1,2-epoxyhexane. [d] NBu 4 Br was used as co-catalyst.
[e] MeCN was used as solvent.
Scheme 3. V V salphen complexes used as catalyst for the cycloaddition of CO 2 to 1,2-epoxyhexane.
carbonate (Table 1, entry 16 ). This is likely due to the coordination of the hydroxyl group to the salphen scaffold which increases the binding affinity between the substrate and the catalyst. Further support for this hypothesis was derived from Xray diffraction studies carried out for 3 b (Figure 1 ) in which the V IV complex has a methanol molecule hydrogen-bonded to one of the phenolic O atoms of the salphen ligand.
In addition to the salen and salphen vanadyl complexes, the commercially available [VO(acac) 2 ] was also tested to serve as a reference compound. Interestingly, it turned out to be much more active than the VO(salen) complexes. Previously, Darensbourg and co-workers reported that [VO(acac) 2 ] is a Lewis acid catalyst for the synthesis of trimethylene carbonates (TMC, six-membered cyclic carbonates) from (substituted) trimethylene oxides (oxetanes) and CO 2 under relatively mild conditions using tetrabutylammonium bromide as the co-catalyst. [14] Therefore, the catalytic activity observed for [VO(acac) 2 ] is not fully unexpected, and the previous results concerning the formation of TMC was explained by a prior formation of an oxetane-adduct from the starting vanadium complex. However, in our work focusing on five-membered cyclic carbonates and a slightly different co-catalyst (NBu 4 I), we found evidence that the actual catalytic species likely involves a [VO(acac) 2 ] derivative (see below). In fact, a dark purple precipitate [15] was always present at the end of the reaction carried out with this metal precursor. This solid was recovered by filtration, used in a subsequent catalytic run and proved to be catalytically active. It is not possible to fully compare the observed yields with respect to the starting vanadium species [VO(acac) 2 ] because of the much lower solubility of the purple solid in MEK after being isolated.
Because [VO(acac) 2 ] appears to be a good pre-catalyst for the formation of organic carbonates, the scope of the reaction was investigated further. As shown in Table 1 , mono-substituted epoxides can be converted to the corresponding cyclic carbonates by "VO(acac) 2 " in good yields under mild reaction conditions. Using 1,2-epoxyhexane and 1,2-epoxy-3-hydroxypropane (Table 1 , entries 1-16) as the substrates, the reaction was fully investigated by varying parameters, such as temperature, pressure and the amounts of catalyst and co-catalyst. The use of [VO(acac) 2 ] gave appreciable yields even when the reaction was performed at low pressure and ambient temperature (T = 25 8C, p(CO 2 ) = 0.2 MPa, Table 1 , entries 5-6). The solvent MEK appears to play an important role in increasing the yields of the reaction because the use of CH 3 CN as the medium for the conversion of 1,2-epoxyhexane (forming a purple solution, but no observable precipitate) caused the yield to drop to 39 % ( Table 1, entry 8) . A plausible explanation may be that solvents such as acetonitrile can potentially coordinate to the vanadium metal center in [VO(acac) 2 ] and/or the purple precipitate and, thus, compete with epoxide coordination. The precipitate is linked with an active form of the vanadium complex as discussed above.
The catalytic activity of "VO(acac) 2 " was also tested for disubstituted epoxides which are considered more difficult to activate owing to an increased steric hindrance in the ring-opening of the oxirane ring by the halide nucleophile. Consequently, higher pressures and temperatures are needed to realize conversion of these substrates to the corresponding organic carbonates, and generally low yields were observed (Table 2 ).
In general, the substitution of iodide with bromide in the cocatalyst slightly increased the yields. The compound cis-2,3-dimethyl-oxirane is more easily activated than its trans isomer, and the reaction appears to have a reasonable degree of retention of configuration in most cases (Table 2, entries 2 and  3) .
To gain insight into the formation of the purple complex in the [VO(acac) 2 ] catalyzed reactions, the reaction was carried out at 45 8C in the absence of CO 2 (in air), both with and without 1,2-epoxyhexane. It appears that the substrate is involved in the formation of the precipitate because only a small amount formed in the absence of the epoxide. Replacing the epoxide with water led to neither a color change nor precipitation, and the presence of a ten-fold increase in amount of the epoxide showed almost the same isolated yield for the precipitate (46 % after 18 h). We then performed a series of experiments to investigate the effect of the solvent on the formation of this purple precipitate (see Supporting Information). Generally, the medium had a pronounced effect because the reactions carried out in THF, acetone, toluene, and MEK all produced the precipitate in moderate to excellent yields (31-99 %, 18 h). The use of CH 3 CN, CHCl 3 or ethanol (EtOH) as solvents did not lead to any observable precipitation whereas the two former media showed a color change from initial green to purple. The purple precipitate formed during the catalytic cycle was analyzed by electrospray ionization mass spectrometry (ESI-MS), elemental analysis, infrared (IR), UV/Vis and 51 V NMR spectroscopies, and X-ray diffraction. The X-ray diffraction analysis of the crystallized purple precipitate provided useful information concerning the identity of this species (Figure 2) . The structure comprises a tetraanionic decavanadate with four NBu 4 cations, [16] for which the molecular formula is V 10 O 26 (NBu 4 ) 4 . The starting acetylacetonate V complex seems to lose the two bidentate ligands to form a polyoxometalate complex. In this compound, there are eight V V and two V IV centers, and because the highest oxidation state prevails, it seems that the catalytic activity originates from these metal centers. Note that the absence of iodide (the nucleophile used for the ring opening step in the catalytic studies reported in Tables 1 and 2 ) in the polyanionic structure should reduce the reactivity upon reusing the precipitate in cyclic carbonate formation; indeed a lower yield was observed when using the purple precipitate as the catalyst without additional co-catalyst. The presence of two paramagnetic V IV metals in the structure also explains why the complex does not show any peaks in the 51 V NMR spectra in CD 3 CN or in CD 2 Cl 2 .
The ESI-MS of the purple precipitate presents two main peaks in the positive mode; the first peak at m/z = 242 confirms the presence of NBu 4 + cations in the precipitate, and the second at m/z = 629.5 is ascribed to a fragmentation of the decavanadate anion to form a V 7 O 17 species (see Supporting Information). In the negative mode, one peak at m/z = 744.7 is present, and it was assigned to the fragment anion HV 8 O 21 . Although the purple complex is air stable at room temperature, it presents moderate stability in solution because the color changes from dark violet to yellow in organic solvents, such as CH 2 Cl 2 or CH 3 CN, over prolonged periods. This may be ascribed to the formation of the "all V V " decavanadate with the formula V 10 O 28 that is known to have a yellow color. Alternatively, the formation of a metavanadate species can be envisaged, which has been reported to be catalytically active in various reactions. [17] The IR and UV/Vis spectroscopic data of the purple precipitate was compared with data from the literature [16] and further supported the formation of the decavanadate (Supporting Information). The elemental analyses (carried out multiple times with samples from different reactions) always showed data consistent with the proposed molecular formula of the decavanadate. The formation of the vanadate was accelerated by the epoxide in the presence of the co-catalyst (NBu 4 I). The formation mechanism (Scheme 4) of this large decavanadate species probably starts with the formation of the simple tetrahedral meta-vanadate from [VO(acac) 2 ] by acidic displacement of the two bidentate acetylacetonate ligands. The accelerating role of the epoxide may be explained by its potential to form an intermediate species with a VÀalkoxide bond after iodide induced ring-opening. The fact that using oxetane as the substrate led to much smaller amounts of vanadate [15] supports this view because the ring-opening of oxetanes is more difficult with halide nucleophiles. The basic alkoxide then could react with residual water to yield a VÀOH species from which HÀacac could be eliminated, forming a VÀO bond that is charge neutralized by NBu 4 . Subsequent elimination of the second acac ligand via a similar pathway could then lead to a V(O 3 ) (metavanadate, yellow) and other higher-order vanadates that precede the eventual deca-vanadate formation.
Conclusions
In summary, a series of substituted salen and salphen vanadyl complexes were prepared and used as catalysts in the formation of cyclic organic carbonates from epoxides and CO 2 . The reactivities of the complexes were compared with commercially available [VO(acac) 2 ]. The results indeed showed that vanadium may be an attractive and active metal in the presence of a suitable nucleophile as co-catalyst in the context of CO 2 fixation chemistry. The presence of an alcohol group in the substrate (such as glycidol) allowed a possible ditopic binding to the metallosalen scaffold, thereby increasing the reactivity. Among all of the catalysts investigated, "VO(acac) 2 " was by far the most active, and it can be used under very mild conditions (25 8C, p(CO 2 ) = 0.2-1.0 MPa). Note that the higher activity of [VO(acac) 2 ] can be ascribed to the formation of a new decavanadate (Bu 4 N) 4 V 10 O 26 complex that was isolated and fully characterized. This polyoxometalate, mainly comprising vanadium centers in a high oxidation state (+5), may thus hold great promise for the development of new catalytic procedures that take advantage of the Lewis acidic nature of the V V metal centers within the structure.
Experimental Section Synthesis of the ligand precursors
The salen and salphen ligands were prepared from commercially available starting materials following literature procedures.
[18] Two equivalents of the appropriate salicylaldehyde were dissolved in a minimal amount of boiling methanol (MeOH). One equivalent of ethylenediamine or o-phenylendiamine was added and the solutions were left to cool to ambient temperature under stirring. The orange or yellow precipitates were recovered by filtration, washed with cold methanol and further purified by crystallization from ethanol when required. The purity of the ligand precursors was established by 1 H NMR spectroscopy.
Synthesis of the vanadyl complexes
Complexes 2 a, 2 c-2 f, 3 a, 3 c-3 f, and 4 a-4 d (Schemes 2 and 3) were prepared following the methods reported in the literature with slight modifications.
[18] The respective ligand was dissolved in a minimal amount of boiling methanol. A methanol solution of 1 equivalent of [VO(acac) 2 ] or [V(acac) 3 ] was added. The mixture was then allowed to cool to room temperature and kept at this temperature while stirring for 18 h. The green or brown precipitate that formed was recovered by filtration and washed with methanol, triturated with diethyl ether, and dried. The known compounds obtained were characterized by either matrix-assisted laser desorption/ionization (MALDI) or ESI-MS. To the best of our knowledge, catalysts 2 b and 3 b have not been previously published, and a detailed experimental part for these derivatives is found below. Synthesis of V V complexes were obtained by dissolving the corresponding V IV complex in a minimal volume of CH 2 Cl 2 under stirring at 0 8C, and bubbling O 2 through the solution for 5 min. After the addition of 1.2 equivalents of trifluoromethanesulfonic acid, a dark precipitate formed, and the reaction mixture was allowed to stir overnight. The solid V V complex was recovered by centrifugation (6000 rpm) of the reaction mixture and decantation of the supernatant solution.
[VO(5-tBu-salen)] 2b: The ligand 5-tBu-salen (250 mg, 0.66 mmol) was dissolved in 60 mL of boiling methanol and a solution of 1 equiv of [VO(acac) 2 ] dissolved in 5 mL of methanol was added. After cooling to room temperature, the mixture was stirred for an additional 18 h. [VO(5-tBu-salphen)] 3b: The ligand 5-tBu-salphen (200 mg, 0.47 mmol) was dissolved in 100 mL of boiling methanol, and then a solution of 1 equiv of [VO(acac) 2 ] dissolved in 5 mL of methanol was added. The solution was cooled to room temperature and allowed to stir for eight hours. A large part of the solvent was evaporated under reduced pressure at 35 8C, and the solution was kept in the freezer overnight. The green precipitate was recovered by filtration, washed with methanol and diethyl ether (20 mL), and dried. Yield: 191 mg (0.39 mmol), 82 %. Crystals suitable for X-ray diffraction were obtained from methanol and the structure is shown in Figure 1 . UV/Vis (acetonitrile): l (e max ) = 246 nm (40 900), 318 nm (22 700), 409 nm (15 400 
General procedure for the catalytic reactions
All of the solutions were prepared in vials. The reagents were added in the order: catalyst, substrate, nucleophilic salt, mesitylene (the internal standard) and solvent (methyl ethyl ketone (MEK), 5 mL). The solutions were stirred, subjected to ultrasonication to maximize the dissolution of the catalyst and then transferred to a stainless steel reactor. Catalytic reactions with chloro-substituted salphen and salen vanadium complexes were carried out in the presence of the solid catalyst because those catalysts are only partially soluble in MEK. The CO 2 atmosphere was created by carrying out five cycles of pressurization at 0.5 MPa and depressurization, and then stabilizing the pressure at 0.2 MPa. When a lower pressure was used, the reaction was degassed until reaching the value desired. The solutions were stirred for 18 h and heated when required. Analysis of the solutions were done by means of 1 H NMR in [D 6 ]DMSO using mesitylene as an internal standard. The blank reaction was done without any metal complex in solution and showed no observable conversion at T = 45 8C and p(CO 2 ) = 1.0 MPa. 
Electrochemical measurements
The cyclic voltammetry was carried out in DMF using tetrabutylammonium perchlorate (TBAP, re-crystallized from ethanol) as the electrolyte salt (0.1 m). The vanadyl complexes were dissolved in the electrolyte solution. A Ag/AgCl electrode was used as the reference.
X-ray diffraction studies
The crystals were stable under atmospheric conditions; nevertheless they were prepared under inert conditions, and immersed in perfluoropolyether as the protecting oil for manipulation. Measurements were made on a Bruker-Nonius diffractometer equipped with an APPEX 2 4 K CCD area detector, a FR591 rotating anode with Mo Ka radiation, Montel mirrors and a Kryoflex low temperature device (T = 173 8C). Full sphere data collection was used with w and f scans. The programs used were: data collection [19] program was used for the structure solution. The structure was refined using SHELXTL-97-UNIX VERSION. 
